Abstract. Effective recognition of regions and regional topological features is an important issue in similarity measure of free form surfaces point cloud. The present study provides an effective solution to this problem via a combined feature variance-covariance matrix based on region segmentation coupled with matrix similarity estimation. Firstly, we defined point features, regional features, and topological features based on the characteristics of point, region and the topological relations between different segment regions. Secondly, the feature variance-covariance matrix of each segment point cloud was calculated and then the combined feature variance-covariance matric was calculated through a variance-covariance matrices synthesis algorithm. Finally, through the similarity measure of the combined feature variance-covariance matrix, the similarity of different point cloud could be estimated. Experiments show that our algorithm has high precision in recognizing regional and topological features of point clouds.
Introduction
Point clouds are one of the most fundamental and diversified methods for object representation. Point cloud feature extraction and recognition is an important task for the rational use of scanned point clouds.
In feature extraction of freeform surface point cloud, statistical analysis of Gaussian and mean curvatures of point clouds have been used for point cloud identification and segmentation [1] . Other studies conducted point cloud recognition via internal distances distributions [2] and measure dpoint cloud similarity in different 3D shapes using 3D shape distribution features such as angle, distance, and area, and described shapes via regional neighborhood curvature and curvature direction [3] . Hetzel et a l [4] used a point cloud normal direction and curvature histogram for object recognition. Lastly, point neighborhood regional features have been used for point cloud recognition based on normal vector features between pairs of points [5] .
Similarity measure is an important method for point cloud recognition. Shape distribution algorithms [6] , spherical harmonic algorithms [7] and descriptor based algorithms [8, 9] are commonly employed in point cloud similarity measurement. The descriptor based algorithm converts similarity evaluation to the distance between descriptors extracted from the surface model. Wang et al [8] expressed this model as a matrix composed of distance and curvature distribution statistics to measure similarity description through algorithm comparison, while Ko et al [9] evaluated model similarity by extracting curvatures, geodesics and other properties.
Feature covariance descriptors have been successfully applied in many areas of computer vision, such as emotion classification [10] and action recognition [11] .For example, Pang et al [12] used Gabor filter reactions as features for face recognition, and Tuzel et al [13] applied the covariance matrix from eigenvectors for object detection and recognition. Recognition of region segmentation and topological features are key factors in point cloud recognition. Since covariance descriptors typically only contain point features other than region or topological features, it is common practice to screen out features that are far more sensitive to regional geometric features or alternatively increase eigenvector dimensions when measuring point cloud similarity to recognize some region and topological features. This practice results in burdensome calculations for feature screening and the accuracy of point cloud recognition remain sun resolved.
The research content of this paper involves the following aspects. Firstly, based on point segmentation according to the curvature, a region segmentation-based combined feature covariance matrix algorithm as the descriptor for point cloud features is proposed. Secondly, feature definitions were made according to region shape and point location, and topological relations between point clouds were determined. Finally, region segmentation based on a regional combined variance-covariance matrix of features was calculated for all points to measure similarity of different point clouds. If each point in the point cloud has t feature(s) with an eigenvectoru ୨ , the region segmentation-based combined feature variance-covariance matrix of point cloud is as follows:
where mis the number of segmented regions in the point cloud; n ୧ is the number of points contained in each region ݅ , ߣ is the regional covariance weighted coefficientߣ = ݊ ܰ ൗ , whereN is total number of points in the point cloud, isthe eigenvector of point ݆ in a region, ∈ (݆ = 1,2, ⋯ ܰ), ഥ is the mean eigenvector of all points in region ݅,and is the region covariance matrix of point cloud and a symmetric positive definite matrix of t × tdimensions.
Matrix Similarity Measure
Matrix similarity measures are an important basis for studying similarity of point clouds. Currently, there are many methods used for matrix similarity evaluation. Förstner and Moonen [14] introduced using geodesic distance to calculate matrix similarity:
where trace(•) is the matrix trace, and, is a positive definite matrix in the same dimension.The matrix is affine invariant and has been the most widely used in covariance descriptors. However, its application is restricted due to heavy calculation burden. Recent research proposed using the log-euclidean riemannian metric [15] :
where ‖•‖ ி is the Frobenius norm. This matrix logarithm is widely used due to its advantages of offline calculation and high calculation speed.
The method for angle measurement between vectors is used for calculating the similarity measure of matrices. Let be anm × n matrixspace, and if A, B ∈ R ୫୬ , the inner product of the matrix is defined as follows:
and the matrix similarity is
where ߠis the angle between matrices , and sis the similarity between matrices , .
Using the angle between matrices makes processing results of different point cloud comparable.Therefore, we use matrix angle similarity measure in the present study.
The Region Segmentation of Free-form Surface Point Cloud
The first step in region segmentation of freeform surface point clouds is to fit quadratic Taylor polynomials for k neighborhood of an arbitrary point p to calculate Gaussian curvature ‫)ܭ(‬ and mean curvature ‫)ܪ(‬ .Then, regions are segmented according to point curvatures. When ‫ܭ‬ > 0, it is characterized as an ellipse region. The point region is sunken when ‫ܪ‬ > 0, and upward when ‫ܪ‬ < 0. When ‫ܭ‬ = 0, it is characterized as a parabolic region ifH ≠ 0, and planar region if H = 0. Furthermore, it is characterized as a notch parabolic region if ‫ܪ‬ > 0, and a ridge parabolic region if ‫ܪ‬ < 0.When ‫ܭ‬ < 0, it is characterized as a hyperboloid region. Furthermore, it is characterized as saddle valley region if ‫ܪ‬ > 0, and a saddle ridge region if ‫ܪ‬ < 0.
Handling Curvature Outliers
If each curvature value is treated as a statistical variable ܺ , subject to the assumption that curvature distributions comply with normal distributions, namely X ୧~N (u, σ ଶ ), and the curvature value of each vertex on the freeform surface is treated as a sample value X ୧ , the properties of the normal distribution are determinable. The probability of X ∈ ‫ݑ(‬ − 3ߪ, ‫ݑ‬ + 3ߪ) is approximately 0.997, and the curvature value of X ∉ ‫ݑ(‬ − 3ߪ, ‫ݑ‬ + 3ߪ) taken as an outlier. Curvature outliers must be modified and replaced with the mean curvature value of first order curvature of adjacent points as a new curvature value. Let the curvature value ܺ of vertex ‫‬ be an outlier, and curvatures of an order of adjacent points ‫‬ ଵ , ‫‬ ଶ , …, ‫‬ of point ‫‬ be ܺ ଵ , ܺ ଶ , …, ܺ , respectively. Then, the corrected curvature value of point ‫‬ is as follows:
Point Cloud Segmentation
Point cloud segmentation was conducted via regional growth of seed points. First, a seed point pwas arbitrarily selected for calculating its curvature value. Search of neighborhood points p ୧ (i = 1,2, ⋯ k)was performed to determine belongingness of each point in this neighborhood, thereby identifying points of the same type. Next, points of the same type in the neighborhood were searched again for belongingness determination of points without attributes; searching stopped for points not of the same type. These steps were repeated until belongingness determination finished for all points. The regional growth process is shown in Fig. 1 . Region segmentation was executed for any surface point clouds numbered 4_02 or 3_012 (reference to figure. 2 (a), (b) ) in the customized point cloud library. Point cloud 4_02 was segmented into 22 different regions (reference to figure. 2 (c) ), while point cloud 3_012 was segmented into 29 different regions (reference to figure. 2 (d) ). 
Feature Extraction Point Features
(1) Curvature Features. Principal curvature C, Gaussian curvature K, and mean curvature H of each point in a point cloud are important tools for describing geometric shapes of point clouds. However, they lack scale invariance, and therefore zooming in or out of point clouds changes curvature values. Usually, while evaluating the similarity of 2 point clouds, it is expected to obtain the same evaluation results for a point cloud and another obtained from zooming in or out, i.e, the measuring factors have scale invariance. In order to obtain a variable with scale invariance and can represent regional curvature features, the following are taken as scale invariant point parameters: product of Gaussian curvature of each point and the area of point clouds (S), and the products of principal curvature, mean curvature, and the square root of the point cloud area. For the calculation of the overall point cloud area, point clouds must be triangularly mesh-enabled. The freeform surface expressed by triangular meshes is a set of connected triangle surfaces to approximate the accurate surface, and therefore, the approximate value S ' of the point cloud surface area was obtained by summing the areas of all triangles.
(2) Normal Vector Feature. A normal vector feature of a point is an angle α between the point's normal vector and the combined normal vector of the entire point cloud.
(3) Distance Feature. A distance feature is the distance from the point to the vertical plane of the combined normal vector of the entire point cloud. Let the combined normal vector of the entire point cloud be n, and the vector of point‫‬ ‫ݔ(‬ , ‫ݕ‬ , ‫ݖ‬ ) be ‫.‬Then, the distance from point ‫‬ to the vertical plane of the combined normal vector of the point cloud is
Table1 shows the original features, scale-invariant features and scale-invariant approximation features of point Assuming there is a point ‫‬ in region ݆, Features containing region information of segmented point clouds mainly include vector angular features β ଵ , ߚ ଶ ,ߚ ଷ ( reference to figure3) andߚ ସ that are related to region points and gravity centers, and distance featured ଶ . The features are defined in Table 2 . 
Features Containing Point Cloud Region Information

Features Containing Topological Information
The topological information of a point refers to the positional relations between the point and the gravity centers of all segmented regions of the point cloud. These relations are associated with the angles between the point and gravity centers. Assuming there is a point ‫‬ in region ݆, Fig. 4 shows the angle between point ‫‬ and the gravity center of theith point cloud. ‫ݎ‬ ଵ represents the angle between the line connecting point p and the gravity center of the ith region and the line connecting the gravity center ݃ of the region where point ‫‬ is located and the general gravity G of the point cloud; ‫ݎ‬ ଶ represents the angle between the line from point ‫‬ to gravity center ݃ of the ith regionand the line from point ‫‬ to general gravity center ‫;ܩ‬ and ‫ݎ‬ ଷ represents the angle between the line from point ‫‬ to gravity center ݃ of the ithregion and the line from point ‫‬ to gravity center ݃ . The position features containing point and gravity center of each segmented region must be synthesized to develop a combined feature for use as a regional topological feature of the point. The synthesis of angle or distance features is as follows: Table 3 . Table 3 . Features containing topological information between segmented point cloud regions
For point cloud covariance calculations, all or parts of point features, regional features, and topological features were combined as eigenvectors.
Point Cloud Recognition and Analysis
Experiment
We performed an experiment based on 5 groups of point cloud models from a customized freeform surface point cloud library. For model3_02 in Group 3 and model 5_00 in Group 5,point clouds searching and ranking were performed using algorithm proposed in the this paper (PA) and algorithm from literature 21(LA), respectively. Features used for model 3_02 calculations(PA1)were ‫ܵܭ‬ , ‫,ܵ√ܪ‬ ݀ ଵ / √ܵ , ߚ ଵ , ߛ ଵ and ߛ ଶ ; features used for model 5_00 calculations (PA2)were ‫ܵܭ‬ , ‫ܵ√ܪ‬ , ߚ ଵ , ߚ ଶ , ߛ ଵ , ߛ ଶ and ߛ ଷ ; features used by algorithm (LA) were,‫,ܵܭ,ܵ√ܥ‬ ‫,ܵ√ܪ‬αand ݀ ଵ /√ܵ.
Following searching of targeted point clouds, the top 7 models in each set of experimental results were listed to yield the search results shown in Table 4 and Table  5 . Table 4 . Retrieval ordering of point cloud model 3_02. Table 5 . Retrieval ordering of point cloud model 5_00. Fig. 5 shows a point cloud similarity measure curve for further comparison of search results obtained by the algorithm LA and our proposed algorithm PA (PA1, PA2).
Results Analysis
According to Fig. 5 (b) and (d), algorithm LA was sensitive to point feature similarity but not to regional or topological features; however, our algorithm ( Fig.5  (a) and (c) ) was sensitive to all features, especially to regional and topological features. This comparison shows that with our algorithm, point cloud similarity measure results grew increasingly sensitive to regional and topological features as the number of these features increased in the point cloud. Our experimental results show that our proposed algorithm proposed has better search performance than algorithm (LA), regardless of the freeform surface point clouds being simple or complex shapes. 
Conclusions
In recognition of similarity between freeform surface point clouds, the present study presented region segmentation-based combined feature variance-covariance matrix algorithm as descriptors for point clouds similarity. In addition to point features, regional features and topological features were defined and classified to represent point cloud features in a more rich and complete manner. Results show that the proposed algorithm reflected regional and topological features in all point cloud measurements, and therefore yielded accurate and reliable recognition results.
The future work of free surface point cloud segmentation and identification can be carried out from two aspects. On the one hand, the work is to measure and identify similarity in specific area of two point clouds, which includes the definition of specific area, feature extraction and regional similarity measure in each point cloud. On the other hand, the work is to focus on the cloud point segmentation, feature extraction and recognition of closed free surface point cloud. The above two aspects of the work are meaningful in theoretical research and future engineering application.
